
www.landesbioscience.com	 Small GTPases	 77

Small GTPases 2:2, 77-81; March/April 2011; © 2011 Landes Bioscience

Extra view Extra view

Key words: synaptic vesicle, Rab, quan-
titative proteomics, exocytosis, endocyto-
sis, vesicle cycle, GTPases

Abbreviations: SV, synaptic vesicle; 
GDI, GDP-dissociation inhibitor; STED, 
stimulation emission depletion; EEA1, 
early endosome antigen 1

Submitted: 02/01/11

Accepted: 02/17/11

DOI: 10.4161/sgtp.2.2.15201

*Correspondence to: Reinhard Jahn; 
Email: rjahn@gwdg.de

Exo-endocytotic cycling of synap-
tic vesicles (SVs) is one of the most 

intensely studied membrane trafficking 
pathways. It is governed by sets of con-
served proteins including Rab GTPases. 
Long considered to define the identity 
and composition of a subcellular organ-
elle, it has become increasingly evident 
that multiple Rabs co-exist on intracellu-
lar compartments, each contributing to 
its membrane organization and special-
ised function. Indeed, we have recently 
demonstrated that at least 11 distinct 
Rab proteins co-exist on highly puri-
fied SVs. These include Rabs involved 
in exocytosis (Rab3a/b/c and Rab27b) 
and intermediates of SV recycling such 
as early endosomes (Rab4, Rab5, Rab10, 
Rab11b and Rab14). Interestingly, we 
found that while two of these proteins, 
namely Rab3a and Rab27b, exhibited 
differential cycling dynamics on SV 
membranes; they played complementary 
roles during Ca2+-triggered neurotrans-
mitter release. The implications of these 
findings in the SV trafficking cycle are 
discussed.

Synaptic vesicles (SVs) store neurotrans-
mitters that are released by exocytosis 
upon the receipt of an action potential at 
the presynaptic nerve terminal. Following 
fusion with the presynaptic plasma mem-
brane, SVs are rapidly internalised by 
endocytosis and recycled, possibly via 
endosomal intermediates.1 To achieve 
this, SVs are endowed with a set of unique 
proteins which cooperate with other 
cytoplasmic residents to regulate the 
exo-endocytotic membrane trafficking 
cycle. Recently, the convergence of bio-
chemical and proteomic studies in rodents 
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has unveiled the composition of puri-
fied SVs.2,3 While these findings greatly 
advanced our understanding of the core 
molecular constituents and lipid composi-
tion of SVs, they also revealed unexpected 
diversity among several protein families, 
particularly those involved in membrane 
trafficking.

Small regulatory Rab GTPases belong 
to the group of conserved trafficking pro-
teins that govern membrane traffic in all 
eukaryotes.4 Since their discovery during 
genetic screens of vesicular trafficking 
defects in yeast (Ypt1/Sec4), over 60 Rab 
family members have been identified in 
humans. By virtue of prenylation moieties 
anchored to their C-terminus, Rabs bind 
intracellular membranes and function as 
molecular “on/off” switches in line with 
their GTP/GDP cycle. In their GTP-
bound state, Rabs recruit diverse effector 
complexes on membrane micro-domains, 
which usually allow the organelles to 
connect to motor proteins for organ-
elle transport or to target membranes in 
preparation for SNARE-coupled mem-
brane fusion.5 Each trafficking organelle 
appears to contain its own unique set of 
Rab proteins. Thus, Rabs are widely con-
sidered “deciphers of organelle identity”, 
with the number of isoforms residing on 
a particular organelle not only reflecting 
its complexity but also the nature of the 
trafficking step(s) within which it oper-
ates. Elucidating complete and accurate 
organelle-specific Rab sets is therefore an 
important first step towards defining the 
composition and function of any intracel-
lular organelle. We have recently resolved 
the identity and number of Rab proteins 
enriched on highly purified SVs.6 Here 
we revisit these findings alongside past 
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is by far the most abundant variant at the 
synapse, accounting for some 25% of total 
brain Rab expression and dominating up 
to 2.5% of the SV surface (equating to 
~10 copies/vesicle).3 Therefore, it was not 
unexpected that Rab3a headed our list 
of Rabs highly enriched on purified SVs. 
Accordingly, we found that Rab3b and 
Rab3c, but the not non-neuronal isoform 
Rab3d, were also markedly enriched on 
SV membranes, albeit to a lesser degree to 
Rab3a, consistent with their documented 
involvement in a subset of synapses.9,12

Despite overwhelming evidence sup-
porting a role for Rab3s and Rab3-
effectors (namely raphilin and RIM) in 
SV exocytosis, it has been surprisingly 
difficult to assign their function(s) (i.e., 
docking and/or tethering) at SV release 
sites.16 On one hand, Rab3a has been 
shown to cycle “on/off” SVs concomi-
tant with neurotransmitter release8 and 
engage with the presynaptic scaffolding 
partners rabphilin, RIM and Munc-13,17 
each an executive component of the teth-
ering/release machinery. On the other 
hand, genetic ablation of either rabphilin 
or RIM results in only mild exocytotic 
deficiencies without affecting Rab3 SV 
positioning.18,19 Even more confounding 
is the modest phenotype observed in qua-
druple knockout of all Rab3 isoforms in 
mice which exhibit, at best, a 30% reduc-
tion in the probability of Ca2+-triggered 
neurotransmitter release,20 re-enforcing 
that multiple Rabs must exist on SVs to 
compensate and ensure the fidelity of neu-
rotransmitter release.

Of the list of Rabs known to partici-
pate along the regulated secretory path-
way, considerable attention has recently 
focused on Rab27 proteins Rab27a/b.21 
Like Rab3s, Rab27 isoforms have been 
shown to differentially localise to a vari-
ety of secretory vesicles and regulate spe-
cific but complementary stages during 
exocytosis in specialised cell types. More 
importantly, Rab27 and Rab3 proteins 
share the closest branch of the Rab evo-
lutionary tree and acquire common acti-
vators and effector proteins, making them 
attractive “co-modulators” of SV cycling. 
Indeed, we demonstrated that Rab27b, 
but not Rab27a, was also abundantly 
enriched on SVs by immuno-analyses.6 
This exquisite expression pattern followed 

on SVs encompassing those whose roles 
are well established in exocytic (Rab3a/
b/c and Rab27b) and endocytic (Rab4b, 
Rab5a, Rab10, Rab11b and Rab14) trans-
port. Intriguingly, many other Rabs were 
also found to be moderately enriched on 
purified SVs although not to the same 
extent as those discussed above. The lat-
ter include Rabs such as Rab1 and Rab2, 
which have been implicated in ER-Golgi 
transport.13,14 Therefore, it cannot be 
excluded that these Rabs were picked 
up from the soluble Rab-GDI pool dur-
ing vesicle purification or else, that the 
SV fraction—despite its high degree of 
purity—is contaminated by Golgi-derived 
trafficking vesicles. Indeed, we confirmed 
this position by expressing each of the SV 
Rabs as green fluorescent protein (GFP) 
fusion chimeras in rat hippocampal neu-
rons. We found that whereas all exo-
endocytotic SV Rabs localised to a subset 
of presynaptic nerve terminals, Rab1 was 
almost exclusively retained in the peri-
nuclear/Golgi vicinity and on nascent 
SVs. Interesting, we also showed that two 
inter-related proteins, namely Rab3a and 
Rab27b, closely co-occupied SV mem-
branes and played unique yet intersecting 
roles during Ca2+-triggered exocytosis. In 
all, these findings documented the first 
organellar Rab proteome (Rabome) and 
reaffirmed the position that multiple exo-
endocytic Rabs reside on SV membranes, 
acting in concert to bestow SVs with both 
flexible and robust features during neu-
rotransmitter release.

Overlapping Roles of Rab3a  
and Rab27b on SVs

To ensure the fidelity of membrane target-
ing and fusion during exocytosis, secretory 
organelles have evolved specialised adap-
tations and redundancies within traffick-
ing protein families in higher eukaryotic 
cells. Such redundancy is, perhaps, best 
exemplified among Rab GTPases which 
exhibit remarkable sequence conserva-
tion and functional compensation within 
subfamilies.15 For instance, the Rab3 
subfamily includes four highly homolo-
gous isoforms (Rab3a, Rab3b, Rab3c and 
Rab3d) which play largely overlapping yet 
redundant functions in various secretory 
cells including neurons.16 Of these, Rab3a 

and present studies in pursuit of a “Rab-
centric” view of SV trafficking.

Rabs on SVs: Gearing Up the  
Exo-Endocytotic Trafficking Cycle

For many years it has been known that 
Rab3 proteins (Rab3a/b/c) are specifically 
associated with SVs.7-9 Furthermore, Rab5 
was also found to be highly enriched on 
SVs,10 supporting the view that an endo-
somal intermediate is involved in the SV 
recycling pathway. Therefore, it was sur-
prising when 33 distinct Rabs were iden-
tified by proteomic analyses in highly 
purified SV fractions, thus accounting 
for more than half the mammalian Rab 
inventory.3 Such diversity was difficult to 
reconcile with the exquisitely specific role 
that Rabs are thought to play in individ-
ual trafficking steps. Furthermore, only 
a minority of the Rabs identified (i.e., 
Rab3a/b/c, Rab5 and Rab11b) had been 
previously assigned to SV transport.10-12 
Therefore, questions remained as to 
whether a lot more Rabs function in the 
SV cycle than had once been assumed, or 
whether the bulk of Rabs uncovered were 
derived from contaminating organelles or 
else, simply picked up during the SV isola-
tion procedure.

We recently addressed this issue by 
systematically revising Rab occupancy 
on highly purified SVs isolated from 
rat brain.6 Combining chemical label-
ling (iTRAQTM) with state-of-the-art 
proteomics, we were able to distinguish 
between those Rabs that were specifi-
cally enriched on SVs and those which 
were not. This approach enabled us to 
quantitatively monitor individual Rab 
enrichment profiles over multiple mem-
brane and cytosolic fractions obtained at 
specific stages of the SV purification pro-
cedure (thereby circumventing problems 
that are inherent in proteomic data sets 
from single fractions). To complement our 
proteomic data, we performed immuno-
analytical and bioinformatic analyses to 
validate specific Rab enrichment profiles 
and probe for phylogenetically-related 
Rabs that might have been overlooked in 
our proteomic catchment due to peptide 
redundancy. As a result, we identified sev-
eral distinct Rab isoforms (at least 11 fam-
ily members) that are specifically enriched 
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review, see ref. 19), thus it is conceivable 
that SV docking and priming is guided 
by the timely and co-ordinated acquisi-
tion of the rabphilin/RIM/Munc-13 triad 
between Rab3a/Rab27b during exocy-
tosis (Fig. 1). Since Rab3a dissociates 
from SVs upon receipt of a Ca2+-trigger, 
Rab27b may persist on SV membranes to 
“safe-guard” docking and/or fusion at the 
active zone. Functional diversity might 
thus be achieved through the recruitment 
of Slps (synaptotagmin-like proteins) 
and/or Slac2 (Slp homologue lacking C2 
domains), both of which are Rab27 effec-
tors.21 In fact, recent structural insights 
into the key determinants of Rab3/
Rab27 effector specificity would support 
such a position, with surprisingly subtle 
structural variations shown to underlie 
differential specificities between Rab3a 
and Rab27a/b for rabphilin and Slac2/
Spl2 effectors, respectively (in ref. 33). 
Such simplicity would therefore enable 
rapid switching between Rab3/Rab27b 
Rab-effector complexes, thereby provid-
ing insurance for timely and efficient 
docking and fusion during neurotrans-
mitter release. Whatever the mechanism 
involved, this model represents an attrac-
tive account for this paradigm.

Returning to Base: Possible 
Involvement of Endosomal Rabs 

in SV Recycling

Along with exocytotic fusion, recycling 
of SVs via clathrin-coated vesicles is 
obligatory but the involvement of endo-
somal intermediates is still controversial.1 
While coated vesicles interconnected with 
endosome-like structures were discov-
ered by electron microscopy more than 
three decades ago as intermediates of SV 
cycling,34 it has only recently become 
clear that SVs, in addition to their exo-
cytotic machinery, are equipped with 
complementary endocytic proteins (Rabs 
and SNAREs inclusive).3,10,35 Attesting 
to this, we detected several endocytotic 
Rabs including Rabs 4, 5, 10, 11b and 
Rab14 enriched on the surface of puri-
fied SV membranes. Of these, Rab5 has 
been most intensively characterized with 
respect to early endosomes, orchestrating 
a step-wise effector recruitment cascade 
(i.e., Rabaptin5/Rabex5/PI(3)P/Vps34/

Rab27 is different from that of other Rabs 
as it does not appear to involve the conven-
tional REP1/GDI-mediated pathways.27 
Irrespective of the precise mechanism, our 
results firmly place Rab3a and Rab27b as 
dual SV residents.

Rab3a and Rab27b: Working 
Together to Safe-Guard Synaptic 

Transmission

By overexpressing selective Rab27b 
mutants deficient in either GDP/GTP 
exchange and/or hydrolysis we demon-
strated that Rab27b participates in the 
recycling of SVs in rat hippocampal neu-
rons. In this instance, both GTP- and 
GDP-deficient Rab27b mutants potently 
blocked evoked endo-exocytotic cycling 
of synaptic vesicles, suggesting that, like 
Rab3a, Rab27b functions as a core com-
ponent of the SV cycling machinery. 
This synergy was not unexpected given 
the recent attention focused on Rab27 in 
SV docking and release in invertebrate 
systems.28,29 Interestingly, we found that 
along with its inhibitory effect on uptake 
of a dye marker for endocytosis, dominant-
negative Rab27b overexpression correlated 
with a depletion of endogenous Rab3a. As 
Rab3/Rab27b proteins share evolution-
ary conserved GTP-exchange factors i.e., 
Rab3GEF28,30 together with the knowl-
edge that GDP-mutants sequester cognate 
RabGEFs,31 we reasoned that the GDP-
preferring Rab27b mutants compete out 
Rab3a activation, thus accounting for the 
more pronounced SV recycling defect. 
Furthermore, we postulated that this 
mechanism may also underscore the phe-
notypic disparity between Rab3/Rab27 
and Rab3GEF/AEX3 knock-out models, 
with the latter notably indispensible for 
SV neurotransmission.20,32

How might Rab3a and Rab27b co-ordi-
nate the SV trafficking cycle? Considering 
the role(s) of Rab3/Rab27 in other secre-
tory systems, it is likely that Rab3a and 
Rab27b function in complementary yet 
successive steps of the SV exocytotic cycle 
with Rab specificity preserved through the 
differential recruitment of Rab3/Rab27 
effectors. Indeed, Rab3a and Rab27b 
share a gamut of docking and tether-
ing partners including Noc2, rabphilin, 
RIM and Munc-13 (for a comprehensive 

that of previous studies demonstrating 
that Rab27a is widely expressed in more 
peripheral tissues, whereas Rab27b is 
largely restricted to the CNS.22 In fact, 
Rab27b was initially overlooked in our 
proteomic analyses because many of the 
resulting peptides were identical with 
those derived from Rab3 family members 
following tryptic digestion.

Like Rab3s, the enrichment profile of 
Rab27b closely resembled that of other 
bona fide SV constituents such as synapto-
physin and synaptotagmin. Furthermore, 
using a series of complementary biochemi-
cal and morphological assays we demon-
strated that Rab27b co-exists with Rab3a 
on a subset of SVs, approximating to half 
of the Rab3a-bearing SV pool. However, 
while Rab3a and Rab27b share inter-
connected SV populations, they diverge 
in membrane cycling dynamics, with 
Rab3a spontaneously dissociating from 
SVs during Ca2+-triggered exocytosis, 
while Rab27b persists on SV membranes. 
This disunity is supported by recent find-
ings in neuroendocrine PC12 cells which 
demonstrated that Rab3 and Rab27 pro-
teins differentially cycle on dense-core 
granules to co-operatively regulate vesicle 
docking.23,24 Furthermore, we found that 
while the pre-synaptic cytosol houses an 
abundant reservoir of soluble GDI-bound 
Rab3a, cytosolic reserves of Rab27b were 
minimal. Consistently, Rab3a, but not 
Rab27b, could be removed from SV mem-
branes upon incubation with GDI. The 
exact reason for this disparity remains 
unclear, although it is worth mentioning 
that Rab27b exists predominantly in its 
active (GTP)/membrane-bound confor-
mation on a variety of secretory organ-
elles.22,25 In this regard, Rab27b is largely 
membrane-bound since only the GDP-
form of Rab proteins can be complexed 
with GDI and thus be extracted from 
the membrane. Furthermore, the recent 
published crystal structure of the GDP-
Rab27b complex revealed a swapped 
homodimer, sharing overlapping switch 
regions.26 Moreover, this inactive Rab27b 
dimer is predicted to cause a steric clash 
with GDI, thereby precluding GDI-Rab 
binding and extraction, i.e., even if GTP is 
hydrolyzed, the protein cannot be accessed 
by GDI. Finally, recent evidence suggests 
that the prenylation/membrane delivery of 
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SV Rab cache into a coherent picture of 
Rab-association/dissociation during SV 
cycling at the neuronal synapse. Along 
with assigning each Rab to a specific 
phase of the exo-endocytic SV traf-
ficking cycle it will be crucial to iden-
tify specific Rab-effector repositories 
which are stage-dependently recruited 
to SV membranes and through which 
Rabs exert their regulatory function(s). 
Finally, it is also necessary to resolve 
which local or recycling SV subpopula-
tions contain or lack individual Rabs, 
a monumental task when considering 
that the majority of SVs at the synapse 
are resting. The recent advent of high-
end super-resolution STED microscopy 
coupled with refinements in the isolation 
of specific SV subsets will undoubtedly 
prove instrumental in deciphering this 
ambiguity.

Based on other endomembrane sys-
tems, it appears unlikely that Rab5 acts 
as a lone protagonist during SV recycling 
and sorting. For instance, Rab4, Rab5 
and Rab11 have been shown to collab-
oratively regulate endosome recycling in 
several cell types, with each localizing to 
a distinct membrane-domain.41 Similarly, 
Rab10 and Rab14 have been implicated in 
clathrin-coated trafficking and recycling 
pathways.42,43 Thus, an attractive model 
might entail a guided transition of recently 
endocytosed clathrin-coated vesicles from 
one pool to the next by the collaborative 
acquisition of Rab5/Rab14/Rab4/Rab10 
and Rab11 (Fig. 1).

Perspectives

A paramount challenge in the future 
remains to functionally integrate the 

EEA-1/Rabenosyn5) to endosomal micro-
domains upon activation (reviewed in ref. 
4). We envisage a similar scenario at the 
mammalian synapse (Fig. 1). Indeed, we 
and others10,36-39 have previously shown 
that Rab5 localizes to a subset of SVs 
where it is has been implicated in the 
regulation of SV recycling38,39 and SV 
uniformity.37 A functional role for Rab5 
in SV recycling is also favoured by recent 
studies employing super-resolution stimu-
lation emission depletion (STED) micros-
copy.40 Here recently endocytosed SVs 
were shown to recycle via Rab5-bearing 
intermediates. While the precise nature of 
these intermediates remains unclear, the 
authors postulated that they may in fact 
represent endosomal sorting reservoirs to 
facilitate the removal of contaminating 
plasma membrane constituents picked up 
during SV fusion.

Figure 1. Proposed involvement of exo-endocytotic Rabs and effector complexes in the synaptic vesicle cycle. (A) Following their synthesis and/or 
recruitment from the presynaptic cytosolic Rab pool, prenylated exocytotic Rabs (Rab3a/b/c and Rab27b) are delivered to- and inserted into the phos-
pholipid membranes of recently formed synaptic vesicles (SVs) laden with neurotransmitters (nt). (B) Here, Rab GTP-activation is catalysed via Rab gua-
nine nucleotide exchange factors (GEFs) which initiates the recruitment of Rab3/Rab27 effectors (C) required for specific stages of the SV exocytotic 
cycle i.e., motility (Slac2), SV docking (rabphilin and Slps) and priming (RIMs and Munc-13). Upon receipt of a Ca2+-signal, Rab3s are inactivated by a 
GTPase activating protein (GAP) which drives nucleotide hydrolysis (D), thus enabling GDI-mediated Rab-extraction (E) prior to SNARE-mediated exo-
cytotic fusion at the presynaptic active zone. During SV fusion, Rab27b persist on SV membranes, possibly as an inactive swapped homodimer. Fused 
SVs then rapidly recycle via “kiss-and-run” or clathrin-mediated endocytotic pathways. Following the formation of clathrin-coats, Rab5 and Rab14 
are stage dependently recruited to recently recycled vesicles undergoing dynamic Rab conversion upon Rab-activation (F). During this transition, 
Rab5 mediates the assembly of a macromolecular effector complex (i.e., Rabaptin5/Rabex5/PI(3)P/Vsp34/EEA-1/Rabenosyn5) required for fusion with 
endosomal sorting intermediates. Rab4, Rab10 and Rab11b are then stage-dependently recruited to specific membrane micro-domains on endosomal 
intermediates, the latter two representing prime candidates of SV recycling. Image adapted from reference 44.
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